Introduction (Sternberg and Horvitz, 1986; Katz et al., 1995) . P3.p, P4.p, and P8.p express the uninduced 3Њ cell fate.
Intercellular signaling between cells and tissues within
The anchor cell induces P6.p to express the 1Њ cell multicellular organisms often occurs with a precisely fate by activating a receptor tyrosine kinase/Ras signal defined geometry, such that a specific signal may altransduction pathway (reviewed by Eisenmann and Kim, ways contact target cells or tissues from the same side. 1994). Three genes in this pathway are particularly imFor example, epithelial sheets are polarized layers of portant for this study. lin-3 encodes a protein that is tightly adherent cells with basal and apical sides. Growth similar to EGF and is likely to be the anchor cell signal factors often originate in one compartment and cannot (Hill and Sternberg, 1992) . let-23 encodes a protein that passively diffuse through an epithelial sheet, so they is similar to EGFR and is likely to be the anchor cell usually interact with growth factor receptors on only one signal receptor (Aroian et al., 1990) . let-60 encodes a Ras side of these cells. In many cases, epithelia express homolog that transduces the anchor cell signal (Beitel et growth factor receptors in a polarized fashion. For examal., 1990; Han and Sternberg, 1990 ). ple, epidermal growth factor receptor (EGFR) and scatWe are studying three genes that are also required ter factor/hepatocyte growth factor receptor are both for vulval induction: lin-2, lin-7, and lin-10. Mutations predominantly expressed on the basolateral membrane that eliminate the activity of any of these three genes domain of MDCK cells (Maratos et al., 1987 ; Crepaldi result in a vulvaless phenotype, suggesting that these et al., 1994) . In Drosophila ommatidial cells, several regenes are required for anchor cell signaling (Ferguson ceptors are expressed asymmetrically, such as Sevand Horvitz, 1985; Kim and Horvitz, 1990; Hoskins et al., enless (Banerjee et al., 1987; Tomlinson et al., 1987 Tomlinson et al., ), 1996 . lin-10 encodes a protein that is not similar to EGFR (Zak and Shilo, 1992) , and Notch (Fehon et al., known proteins (Kim and Horvitz, 1990) . lin-2 encodes 1991).
a protein similar to membrane-associated guanylate kiTight junctions form a continuous seal around the nases (MAGUKs), which are proteins usually localized lateral circumference of vertebrate epithelial cells, sepato the cytoplasmic sides of either epithelial tight/septate rating the cell surface into apical and basal compartjunctions or to neuronal synapses (Hoskins et al., 1996 ; ments (reviewed by Anderson et al., 1993) . Tight juncreviewed by Kim, 1995) . The finding that lin-2 acts in tions are thought to prevent free diffusion of membrane the Pn.p cells and is required for vulval cell signaling lipids and proteins from the apical to the basolateral suggests a functional interaction between cell junctions membrane compartment and vice versa, thereby reand the let-23 receptor tyrosine kinase signaling pathstricting transmembrane signaling receptors to either way (Hoskins et al., 1996) . one compartment or the other. In Drosophila, the septate In this paper, we have analyzed the third gene in this junction may be structurally and functionally analogous class, lin-7. We have found that lin-7 acts in the Pn.p cells and encodes a cell junction-associated protein to the vertebrate tight junction. and DlgA repeat 3 (485-560), PSD-95 repeat 3 (312-387), Z0-1 repeat 3 (411-485), Z0-2 (511-585), show the same splicing pattern in their overlapping referred to as a GLGF domain) (Kornau et al., 1995; Bryant gions (Figure 1A) . Northern blotting analysis of poly(A) and Woods, 1992; Cho et al., 1992) . LIN-7 is required for mRNA hybridized to a lin-7 cDNA probe revealed a major the proper localization of LET-23, since LET-23 protein 0.9 kb RNA band of the predicted size, as well as a less directly binds to LIN-7, is colocalized with LIN-7 at the abundant 2.2 kb RNA band that may represent unspliced cell junctions of Pn.p cells in wild-type animals, and lin-7 RNAs ( Figure 1B) . These experiments identify a becomes mislocalized in lin-7 mutants. lin-7 mutants candidate lin-7 transcription unit and show that it has have a vulvaless phenotype that is suppressed by letan open reading frame containing 297 amino acids. 23(ϩ) overexpression, suggesting that proper To demonstrate that this transcription unit is lin-7, we localization is required for receptor activation.
showed that expression of the full-length lin-7 cDNA under control of a heat shock promoter rescues the Result vulvaless phenotype of lin-7(e1449) mutants ( Figure 1A ). Next, we determined the sequence change in three muMolecular Cloning of lin-7 tant lin-7 alleles. The first two alleles, lin-7(e1413) and linTo clone lin-7 positionally, we identified two restriction 7(e1449), are both amber suppressible (Ferguson and fragment length polymorphisms (gaP14 and gaP17) that Horvitz, 1985) and contain the same amber stop mutaare approximately 200 kb apart and closely flank lin-7 tion truncating LIN-7 at amino acid position 122. The on either side (J. S. S., unpublished data). Germline third allele, lin-7(n106), contains an opal stop mutation transformation experiments using DNA clones derived truncating LIN-7 at amino acid position 158. Although from the lin-7 region eventually identified a 2.9 kb region lin-7(n106) was originally characterized as a partial lossof DNA that could rescue the lin-7 vulvaless phenotype of-function mutation (Ferguson and Horvitz, 1985) , we ( Figure 1A) .
found that the original lin-7(n106) strain also carried an unlinked suppressor mutation. We reisolated lin-7(n106) We isolated cDNA clones from the 2.9 kb lin-7 region from this strain by backcrossing three times to wild type and found that 96% of lin-7(n106) animals are vulvaless (n ϭ 197), which is similar to the phenotype of other putative lin-7 null alleles (Ferguson and Horvitz, 1985) .
lin-7 Encodes a Protein with a PDZ/DHR Domain LIN-7 contains a single PDZ/DHR domain, which is a protein sequence motif that may function as a proteinbinding domain (Sato et al., 1995; Kornau et al., 1995; Kim et al., 1995) (Figure 1) . The PDZ/DHR domain in LIN-7 is related to PDZ/DHR domains found in MAGUKs, including C. elegans LIN-2 (Hoskins et al., 1996) , human ZO-1 (Willott et al., 1993) , human ZO-2 (Jesaitis and Goodenough, 1994) , Drosophila DlgA (Woods and Bryant, 1991) , rat PSD-95/SAP90 (Cho et al., 1992; Kistner et al., 1993) , and human p55 (Ruff et al., 1991) . The observation that the LIN-7 PDZ/DHR domain is (Ferguson and Horvitz, 1985) . This Kim, 1995) . While the functional roles for many MAGUK proteins are unknown, dlg mutations affect epithelial cell polarity and cause neoplastic cell growth in Drosophila since the extrachromosomal array rescues the vulvaless (Perrimon, 1988; Woods and Bryant, 1991) . phenotype in 95% of nonmosaic animals. These results indicate that lin-7(ϩ) activity is not required in the anchor cell for normal vulval induction. lin-7 Acts Cell Autonomously in the Pn.p Cells lin-7 could function in any of the tissues involved in Finally, eight animals were identified in which lin-7(ϩ) activity was missing in some hyp7 nuclei but was present vulval development, so we used genetic mosaic analysis to determine which cells require lin-7(ϩ) activity. We in all of the Pn.p cells. hyp7 is a single syncytial cell that contains 133 nuclei and is thought to send an inhibitory used an extrachromosomal array that expressed the wild-type activities of lin-7 and a cell lineage marker signal to the Pn.p cells (Herman and Hedgecock, 1990) . Three mosaic animals lacked lin-7(ϩ) activity in 75 nuclei gene (ncl-1), as well as two other genes useful in identifying particular classes of mosaic animals (unc-29 and in the syncytium (57%) owing to loss in AB.a, and five mosaic animals lacked lin-7(ϩ) activity in 12 nuclei in unc-30) (Simske and Kim, 1995) . Spontaneous loss of the extrachromosomal array during development generthe syncytium (9%) owing to loss in P1. All eight of these mosaic animals exhibited wild-type vulval development, ated a clone of mutant cells that lacked the wild-type activities of all four genes carried on the array, and we suggesting that lin-7(ϩ) activity is not required in hyp7 for vulval induction. Together, these mosaic results indidetermined which cells lost the extrachromosomal array by scoring their Ncl phenotype. We then scored the cate that vulval induction requires lin-7(ϩ) activity in the Pn.p cells, but not in the anchor cell or most of the hyp7 vulval phenotype of these animals to determine whether loss of lin-7(ϩ) activity in specific cells results in a vulsyncytium. valess phenotype (Figure 2) .
We found 18 mosaic animals that lacked lin-7(ϩ) activ-
LIN-7 Is Localized at Epithelial Cell Junctions
The LIN-7 PDZ/DHR domain is most similar to the third ity in all six Pn.p cells, owing to loss in AB or AB.p. Of these mosaic animals, 15 exhibited a vulvaless pheno-PDZ/DHR domain in DlgA, which is a protein found at septate junctions in Drosophila (Woods and Bryant, type, suggesting that lin-7 activity is required in the Pn.p cells for vulval induction. The remaining three mosaic 1991). To determine whether LIN-7 may be localized to cell junctions in C. elegans epithelia, a lin-7-GFP reanimals exhibited wild-type vulval induction, possibly owing to incomplete penetrance of the lin-7(e1413) vulporter gene was constructed that expresses a fusion protein containing all of LIN-7 with the green fluorescent valess phenotype (98%; Ferguson and Horvitz, 1985) .
Next, we found 27 mosaic animals that lacked lin-7(ϩ) protein (GFP) at the carboxyl terminus (see Experimental Procedures). The lin-7-GFP gene rescues the vulvaless activity in the anchor cell owing to loss in P 1 or EMS/ MS. Of these animals, 26 exhibited wild-type vulval dephenotype of lin-7 mutants, indicating that this gene retains lin-7(ϩ) activity (data not shown). We did not velopment. The remaining mosaic was vulvaless, which likely reflects poor lin-7 expression in the Pn.p cells in observe GFP fluorescence in the Pn.p cells, suggesting that expression in these cells was sufficient to provide a small fraction of animals. Such animals are expected, antisera to stain fixed worms (see Experimental Procedures). Unfortunately, LIN-7 expression was not observed in samples of wild-type worms using these antisera. We next used the lin-7 heat shock transgenic line described above, which expresses a functional LIN-7 protein following heat shock induction, to overexpress LIN-7 in these cells. In the Pn.p cells, the majority of LIN-7 staining was closely associated with the cellular junctions following heat shock ( Figures 3D-3F ). Staining was specific for LIN-7, as no staining was observed in transgenic animals that had not been subjected to heat shock (data not shown).
The results of the mosaic analyses discussed above indicate that LIN-7 acts in the Pn.p cells, and the LIN-7 expression studies suggest that LIN-7 may be associated with cellular junctions when expressed in epithelial cells, such as intestinal cells or the Pn.p cells. Several arguments suggest that these reporter proteins accurately reflect the subcellular localization of LIN-7 within epithelial cells. Both LIN-7-GFP and HS-LIN-7 are functional in vulval induction, and neither the addition of a GFP domain nor overexpression is likely to cause specific localization to cell junctions. We also deleted the PDZ/DHR domain from the lin-7-GFP reporter gene, generated transgenic worms, and found that GFP was cytoplasmic and not associated with epithelial cell junctions (data not shown). This result shows that GFP is not sufficient to target proteins to the cell junctions and suggests that the carboxyl terminus of LIN-7 is important for this targeting.
LET-23 Is Associated with the Pn.p Cell Junctions
Immunocytochemistry experiments indicate that LIN-7 can be a cell junction protein, and the similarity of LIN-2 to other MAGUKs suggests that LIN-2 might also be associated with cell junctions. How might these cell lines containing integrated copies of the let-23 reporter gene were generated. The let-23 reporter gene was functional, since it rescued all of the phenotypes of letlin-7(ϩ) activity but not high enough to observe GFP fluorescence. However, we observed that LIN-7-GFP 23(sy15) null mutants (data not shown).
The expression pattern of LET-23-GFP in the Pn.p was expressed in intestinal cells, which are polarized epithelial cells that are tightly connected to each other cells was determined in a wild-type or let-23(sy15) mutant background. Early in the third larval stage (1-3 hr by cellular junctions along their lateral membrane domains. LIN-7-GFP was found to be closely associated after the L2 molt, 1.5-3.5 hr before division of the Pn.p cells), LET-23-GFP expression begins in all six Pn.p cells with the intestinal cell junctions, which were visualized by staining with the cell junction-specific monoclonal and is concentrated in a lateral ring in 98% of animals ( Figure 5 ). Figures 4A-4C are a lateral view of the Pn.p antibody MH27 (Francis and Waterston, 1991) (Figures  3A-3C) .
cells showing LET-23-GFP expression and staining with the MH27 cell junction marker. From this perspective, To determine the subcellular localization of LIN-7 within Pn.p cells, we used affinity-purified anti-LIN-7 the lateral ring of LET-23-GFP expression appears as a thin line that is partly basal and partly overlapping with the MH27-stained cell junctions, indicating that LET-23 is not evenly distributed on the surface of Pn.p cells, but rather is specifically associated with the cell junction. The pattern of LET-23-GFP expression underwent dynamic changes shortly before the Pn.p cells divided, presumably owing to cell fate changes caused by anchor cell and lateral signaling. LET-23-GFP expression rapidly diminished in the 2Њ cells (P5.p and P7.p) starting at 3 hr and fading completely by 3.5 hr after the L2 molt. LET-23 expression faded more slowly in the 3Њ cells (P3.p, P4.p, and P8.p), with no observable expression 3.5-4 hr after the L2 molt. LET-23 expression increased in the 1Њ cell (P6.p) starting at 4-4.5 hr after the L2 molt. Figures 4D-4F are an example of a ventral-lateral view of LET-23-GFP expression in P6.p (4-4.5 hr after the L2 molt), showing that LET-23-GFP is expressed in a lateral ring in the plasma membrane. Different focal planes of the same animal showed that LET-23-GFP is not detectable on either the apical or basal membrane domains of P6.p. At about 4-4.5 hr after the L2 molt, LET-23-GFP was localized to the P6.p cell junction in 36 of 52 of animals (69%), and the staining pattern appeared to be more punctate than at the earlier time ( Figure 5 ). In the remaining animals at this time (16 of 52, 31%), LET-23-GFP appeared broadly distributed on the apical plasma membrane of P6.p. LET-23 receptor localization (Figure 5 ), indicating that simply reducing the activity of the anchor cell signaling genes. Control experiments show that this interaction pathway itself does not appear to result in LET-23 mislois specific ( Figure 7A ). calization.
Next, we showed that LIN-7 can bind to LET-23 in vitro. Full-length LET-23 was expressed in Sf9 cells, and nearly full-length LIN-7 was expressed in Escherichia Protein Interaction between LIN-7 and LET-23 One possibility is that LET-23 is localized to the cell coli as a glutathione S-transferase (GST) fusion protein.
An Sf9 cell extract containing LET-23 was mixed with junctions by binding to LIN-7, so we tested whether LIN-7 binds LET-23 using the yeast two-hybrid system either purified GST-LIN-7 or a negative control (GST-LIN-31) attached to glutathione-agarose. LET-23 that (Fields and Song, 1989) and in vitro protein binding experiments. Figure 7A shows that nearly full-length LIN-7 remained bound to either GST-LIN-7 or GST-LIN-31 was detected by immunoblotting using anti-LET-23 antisera. (fused to the GAL4 activation domain) interacts with the intracellular portion of LET-23 (fused to the GAL4 DNA- Figure 7B shows that LET-23 binds to GST-LIN-7, but not to GST-LIN-31. The observations that LIN-7 and binding region) in the yeast two-hybrid system, as detected by expression of either lacZ or HIS3 reporter LET-23 physically interact and colocalize to the Pn.p type, and other defects due to lin-7 or lin-2 mutations might prevent cell signaling. The two genetic experiments described below address these different possibilities. induction in animals that are otherwise wild type. Second, let-23(ϩ) overexpression does not restore signaling First, if the lin-7 and lin-2 vulvaless phenotypes are caused by mislocalization of LET-23, then overexpresactivity when the pathway is defective owing to a weak loss-of-function mutation in lin-45 raf, which results in sion of wild-type LET-23 might restore signaling activity by increasing the density of LET-23 on the cell surface. a signaling defect downstream of let-23. Thus, the suppression of the vulvaless lin-2, lin-7, and lin-10 phenoWe constructed strains that contained the same let-23(ϩ) extrachromosomal array and were homozygous types by the let-23 array suggests that these three genes do not act downstream of let-23 as does lin-45. Mosaic for either the lin-2(e1309) strong loss-of-function mutation, the lin-7(e1413) null mutation, or the lin- 10(n1508) analysis experiments indicate that lin-7 (Figure 2 ) and lin-2 (Hoskins et al., 1996) that lin-2, lin-7, and lin-10 function upstream of let-60 ras in the anchor cell signaling pathway. in LET-23 localization during vulval induction. LET-23 normally colocalizes with LIN-7 at the basal side of the cell junctions in Pn.p cells, and LET-23 is mislocalized that receptor mislocalization is the cause of the lin-2 or lin-7 vulvaless phenotype.
Discussion
in lin-7 and lin-2 mutants. LET-23 may be localized to the cell junction by binding to LIN-7, since the intracellular Second, if lin-7 mutants are vulvaless owing to LET-23 mislocalization, then their vulvaless phenotype portion of LET-23 binds to LIN-7. Proper localization of LET-23 appears to be required for LET-23 signaling should be suppressed by constitutive activation of a gene that acts downstream of let-23 in the vulval signalactivity, as lin-7 and lin-2 mutants exhibit a vulvaless phenotype that can be suppressed by overexpression ing pathway, such as let-60 ras. let-60(n1700) is a gainof-function mutation that results in a multivulva phenoof LET-23 from an extrachromosomal array. lin-7 and lin-2 were originally genetically identified as type in 95% of animals (Beitel et al., 1990) . lin-7(e1413); let-60(n1700gf) double mutants exhibit a multivulva phesignaling genes in the anchor cell signaling pathway. Instead of encoding proteins that function directly in the notype in 100% of animals (n ϭ 144). Similarly, previous results indicate that let-60(n1700gf); lin-2(n397) and signaling pathway (such as a receptor tyrosine kinase or Ras signal transduction molecule), molecular analysis lin-10(n1390); let-60(n1700gf) animals also exhibit a multivulva phenotype (Hoskins et al., 1996 ; D. Parry and has shown that they appear to function in a specific aspect of cell polarity, which is either to establish or S. K. K., unpublished data). These data strongly suggest maintain the polarized localization of LET-23. This findlocalization might alter the cellular response to growth ing suggests a new dimension to the anchor cell signalsignals. For example, in Drosophila, DlgA (a MAGUK ing pathway: the polarity of cell signaling plays an imporprotein) and Coracle (a band 4.1 homolog) are localized tant role during vulval induction. The anchor cell signal to the septate junctions of epithelial cells, and mutations is always presented to the Pn.p cells from the same in dlg or coracle result in disruption of cell polarity direction, the responding Pn.p cells have polarized (Woods and Bryant, 1991; Fehon et al., 1994) . dlg mutastructures, and receptor localization to the cell junctions tions cause excess cell growth, suggesting that dlg is may be required for vulval induction.
important for an inhibitory signal between epithelial cells According to the receptor localization model prethat requires tight contact between these cells (Perrisented above, the results of our genetic experiments mon, 1988; Woods and Bryant, 1991) . Loss-of-function could be explained in the following ways. First, mislocalcoracle mutations suppress the phenotype caused by ization of LET-23 caused by lin-7 or lin-2 mutations could an activating mutation in the EGFR gene (Ellipse), sugreduce LET-23 signaling activity, resulting in a vulvaless gesting that cell polarity may be required for efficient mutant phenotype. A small fraction of animals in lin-EGFR signaling (Fehon et al., 1994) . 7(e1413) or lin-2(e1309) strains exhibit normal vulval inIn the above examples, the severe or possibly comduction (2%-5%), indicating that some LET-23 is not plete disruption of cell polarity make it difficult to determislocalized or that mislocalized LET-23 retains some mine whether changes in cell growth and differentiation signaling activity. Second, extrachromosomal arrays result from receptor mislocalization or from other decontaining many copies of either let-23(ϩ) or LET-23-fects that occur when cell polarity is lost, such as loss GFP suppressed the lin-2, lin-7, and lin-10 vulvaless of cell adhesion. In contrast, lin-7 and lin-2 mutants do phenotypes (Table 1 ; J. S. S., unpublished data). Most not exhibit a global disruption of cell polarity (Figure of LET-23-GFP is present in the apical membrane do-6; J. S. S., unpublished data). Before vulval cell fate main of the Pn.p cells, although a small amount appears determination (about 4.5 hr after the L2 molt), the morin the basal membrane domain and at the lateral cell phology of the Pn.p cells and their cell junctions appears junctions. One possibility is that overexpression of LETnormal as assessed by Nomarski optics or by staining 23 in lin-7 or lin-2 mutants increases the low level of with the MH27 cell junction marker antibody. After deterreceptor at the cell junction to a level that is above a mination, the 3Њ cell fate appears normal in lin-7 or lin-2 threshold for signaling, thereby compensating for recepmutants, and the 1Њ and 2Њ cell fates appear normal in tor mislocalization. Third, lin-7 and lin-2 are likely to lin-7; let-60(n1700) or let-60(n1700); lin-2 double muact in the Pn.p cells upstream of let-60 ras (this work; tants. Since reduced let-23 activity could completely Hoskins et al., 1996) . Since let-23 also acts upstream of account for the lin-7 or lin-2 mutant phenotype, it is not let-60 ras, these results are consistent with a role for necessary to invoke cellular defects other than LETlin-7 and lin-2 in permitting LET-23 to be activated by 23 mislocalization to explain the lin-7 or lin-2 mutant LIN-3 signal.
phenotype. Thus, the signaling defect observed in lin-7 Several possibilities could explain how mislocalization and lin-2 mutants may reflect the specific effects of of LET-23 in lin-7 or lin-2 mutants could reduce signaling mislocalization of LET-23, rather than an indirect conseactivity. LET-23 appears mostly on the apical membrane quence of a general loss of cell polarity. domain of Pn.p cells in lin-7 or lin-2 mutants, and apical It will be interesting to determine whether epithelial receptors are likely to be inactive because LIN-3 is precell junctions play a role in receptor tyrosine kinase dicted to be excluded from the apical extracellular comlocalization and signaling in epithelia in other animals. partment. Alternatively, localization of LET-23 to a small Receptor tyrosine kinases (such as LET-23), MAGUK region on the cell surface in wild-type Pn.p cells may proteins (such as LIN-2), and proteins with PDZ/DHR increase its concentration and thus favor ligand-medidomains (such as LIN-7) are evolutionarily conserved, ated receptor dimerization, leading to tyrosine kinase suggesting that molecules similar to either LIN-7 or activation. Finally, signal transduction molecules acting LIN-2 may interact with receptor tyrosine kinases or downstream of LET-23 may normally be concentrated other types of receptors in epithelial cells from diverse at the cell junctions, and interactions between LET-23 organisms. and its downstream effector molecules may be disrupted by LET-23 mislocalization. unc-29(e1072), lin-10(n1508) (Kim and cells, such as scatter factor/hepatocyte growth factor Horvitz, 1990 ] (this work).
LG sy15) (Aroian and Sternberg, 1991 receptor and EGFR in mammals (Crepaldi et al., 1994;  and n106) (Ferguson and Horvitz, 1985) .
LG III: ncl-1(e1942).
LG IV: Maratos et al., 1987) and Sevenless, EGFR, and Notch let-60(n1700) (Beitel et al., 1990 (gift in Drosophila (Banerjee et al., 1987; Tomlinson et al., of S. Clark). LG X: lin-2(e1309) . Not yet assigned to a linkage group Zak and Shilo, 1992; Fehon et al., 1991) . Although (this work) are gaIs28[hs-lin-7; rol-6(su1006d) ]; gaIs29  the specific effects of mislocalization of these receptors rol-6(su1006d) ] and gaIs30 ].
have not been studied, previous studies show that a total loss of epithelial cell polarity causes receptor mislo-
Molecular Biology
calization as well as changes in cell growth and differenStandard techniques were used for molecular biology experiments (Sambrook et al., 1989) . lin-7 cDNAs were obtained by RT-PCR tiation. This correlation suggests that loss of receptor and by screening a C. elegans cDNA library. Specific lin-7 cDNA MgCl2, 1ϫ protease inhibitor cocktail (Pharmingen), and 0.2% NP-40, and 75 l of cell extract was incubated (for 2 hr at 4ЊC) with fragments were amplified using oligonucleotide pairs GGATCCGAA TTCATGGGCCTCAAGGGATTC and TGCATTATTGACCTCTCCAG, GST-LIN-7 (200 ng) or GST-LIN-31 (200 ng) bound to glutathioneagarose (Sigma). Bound protein was washed four times for 5 min and AATTTGGAGCGGGACGTT and GGATCCGAATTCTACGGAATT CTCTGTCTTTC, which amplified overlapping fragments representat 4ЊC in 1 ml of PBS, 0.2% NP-40. Bound LET-23 was detected by Western blotting using 8% SDS-PAGE and anti-LET-23 antisera, ing nucleotide positions 43-473 and 388-936 of lin-7 mRNA, respectively. Both fragments were subcloned together in the correct and GST fusion proteins were detected using anti-GST antisera (Pharmacia). orientation (pJS66).
The combined lin-7 cDNA fragment was used as a probe to screen an N2 mixed-stage cDNA library (gift of R. Barstead) and yielded Acknowledgments four partial cDNA clones. DNA sequence analysis of these clones showed that two cDNA clones (pJS100 and pJS104) contain the We thank members of the Kim lab for discussions, critical reading SL1 trans-spliced leader present at the 5Ј ends of many C. elegans of the manuscript, and receptor head. We thank Alan Coulson for mRNAs, followed by exons 1 and 2 (nucleotides 1-324). The reproviding cosmids, Richard Durbin for assistance with ACeDB, Bob maining two clones (pJS96 and pJS99) begin near the start of exon Waterston for the gift of the MH27 antibody, Paul Sternberg for let-3 and end in exon 6 (nucleotides 332-889). RT-PCR experiments 23 clones, Andy Golden for LET-23 reagents, Steve Elledge for twousing an oligo(dT) primer and an internal lin-7 primer were used to hybrid vectors, Jeff Hardin for access to lab space, Carsten Andershow that the poly(A) site is within 50 bp of the termination codon.
sen for technical assistance, and Matt Scott and Judith Kimble for lin-7 mutations were identified by sequencing the entire lin-7 coding use of confocal microscopes. Some nematode strains were proregion and the intron/exon boundaries from lin-7(e1413), linvided by the Caenorhabditis Genetics Center, which is funded by 7(e1449), and lin-7(n106) mutants.
the National Institutes of Health (NIH) National Center for Research Resources. This work was supported by the NIH, the Lucille P. Markey Charitable Trust, and the Searle Scholars Program. Germline Transformation Germline transformants were obtained by microinjection of DNA Received December 13, 1995; revised March 7, 1996 . (50-100 g/ml) as previously described (Simske and Kim, 1995) .
The let-23-GFP construct pJS128 is derived from a let-23 genomic clone (pk7-13. Stringham et al., 1992) .
vulval induction encodes a tyrosine kinase of the EGF receptor subfamily. Nature 348, 693-699.
Mosaic Analysis
Banerjee, U., Renfranz, P.J., Hinton, D.R., Rabin, B.A., and Benzer, Mosaic analysis was performed as described in Miller et al. (submit-S. (1987) . The sevenless ϩ protein is expressed apically in cell memted) using a strain of genotype unc-29(e1072); lin-7(e1413); nclbranes of developing Drosophila retina; it is not restricted to cell 1(e1942); unc-30(e191); gaEx30 (SD 274) described in Simske and R7. Cell 51, 151-158. Kim (1995) . Isolation of mosaic animals and determination of the Beitel, G.J., Clark, S.G., and Horvitz, H.R. (1990) . Caenorhabditis precise point in the cell lineage at which the extrachromosomal elegans ras gene let-60 acts as a switch in the pathway of vulval array was lost was performed as in Simske and Kim (1995) .
induction. Nature 348, 503-509.
Bryant, P.J., and Woods, D.F. (1992) . A major palmitoylated memImmunofluorescence and GFP Fluorescence brane protein of human erythrocytes shows homology to yeast guaWe expressed either the amino terminus (amino acids 1-126) or nylate kinase and to the product of a Drosophila tumor suppressor the carboxyl terminus (amino acids 116-295) of LIN-7 in E. coli as gene. Cell 68, 621-622. TrpE-LIN7 fusion proteins using the pATH11 and pATH1 vectors, Cho, K.O., Hunt, C.A., and Kennedy, M.B. (1992) . The rat brain postrespectively (Koerner et al., 1991) . The fusion proteins were purified synaptic density fraction contains a homolog of the Drosophila by preparative SDS-PAGE and injected into rabbits (Josman Labs), discs-large tumor suppressor protein. Neuron 9, 929-942. and anti-LIN-7 antibodies were purified by affinity chromatography.
Synchronous populations of animals were obtained by starving Crepaldi, T., Pollack, A.L., Prat, M., Zborek, A., Mostov, K., and L1 animals, and harvesting them in either the L2 or L3 stages at 30 Comoglio, P.M. (1994) . Targeting of the SF/HGF receptor to the min intervals between 25 and 31 hr later. Larvae were fixed and basolateral domain of polarized epithelial cells. J. Cell Biol. 125, stained essentially as described by Finney and Ruvkun (1990) . To 313-320. induce LIN-7 expression from the heat shock promoter, lin-7(e1413); Durfee, T., Becherer, K., Chen, P.-L., Yeh, S.-H., Yang, Y., Kilburn, gaIs28[hs-lin-7; rol-6(su1006d) ] animals were treated at 33ЊC for A.E., Lee, W.-H., and Elledge, S.J. (1993) . The Retinoblastoma pro-15 min.
tein associates with the protein phosphatase type 1 catalytic subunit. Genes Dev. 7, 555-569.
Yeast Two-Hybrid Analysis and In Vitro Binding
Eisenmann, D.M., and Kim, S.K. (1994) . Signal transduction and cell Yeast two-hybrid analysis was performed as described in Durfee et fate specification during Caenorhabditis elegans vulval developal. (1993) . A lin-7 cDNA encoding amino acids 1-295 was inserted ment. Curr. Opin. Genet. Dev. 4, 508-516. into pACT, and a let-23 cDNA encoding amino acids 873-1323 was Fehon, R.G., Johansen, K., Rebay, I., and Artavanis, T.S. (1991). inserted into pAS1.
Complex cellular and subcellular regulation of notch expression pGEX-1 was used to express GST-LIN-7 (amino acids 1-295) or during embryonic and imaginal development of Drosophila: implica-GST-LIN-31 (amino acids 1-190; gift of P. Tan), and the GST fusion tions for notch function. J. Cell Biol. 113, 657-669. proteins were purified from E. coli as described in Smith and Johnson (1988) . A cell extract from 70 ϫ 10 6 Sf9 cells expressing fullFehon, R., Dawson, I., and Artavanis-Tsakonas, S. (1994) . A Drosophila homologue of membrane-skeleton protein 4.1 is associated length LET-23 and rabbit anti-LET-23 antipeptide antibodies were a gift from A. Golden. The Sf9/LET-23 cell extract was sonicated in with septate junctions and is encoded by the coracle gene. Development 103, 545-557. 2 ml of 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM DTT, 1 mM
